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Epitaxial thin films of the giant-dielectric-constant material CaCu 3T1401,
grown by pulsed-laser deposition
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Pulsed-laser deposition has been used to grow epitaxial thin films of the giant-dielectric-constant
material CaCiyiTi,O;, on LaAlO; and SrTiQ substrates with or without various conducting buffer
layers. The latter include YB&uU;O;, Lay g5 1:CuO,, 5, and LaNiQ. Above 100-150 K, the

thin films have a temperature independent dielectric constant as do crystals. The value of the
dielectric constant is of the order of 1500 over a wide temperature region, potentially making it a
good candidate for many applications. The frequency dependence of its dielectric properties below
100-150 K indicates an activated relaxation process.2002 American Institute of Physics.

[DOI: 10.1063/1.1506951

Ferroelectric or relaxor materials, such as (Ba,SryTiO target was prepared by solid-state reaction with the purity of
SITiO; (STO),? and KTa _,Nb,O5,% have been widely stud- the powders confirmed by x-ray powder diffraction. A KrF
ied for various electronics applications, including dynamicexcimer lasefwavelength: 248 njnwas used with an energy
random access memory. This is because, in general, a higfensity of ~2.0 J/cn? and a repetition rate of 5 Hz. The
static dielectric constant is only observed in either a ferrosubstrate was heated to 720 (&0 °C for the YBCO layer
electric or a relaxor material. However, both types of mate-An oxygen pressure of 200 mTorr was used during the depo-
rial show a peak in the dielectric constant as a function okition for all materials. After deposition, the films were
temperature, making it undesirable for many applications beeooled to room temperature at a rate of 60 °C per minute. Au
cause a strong temperature dependence may cause the relgteds, 0.5 mrhin area with a thickness of about 4000 A, were
device to fail with temperature variations in the environment.thermally evaporated to form a parallel-plate capacitor struc-
Recently, CaCylli,O,, (CCTO) was discovered to have an ture. Due to the difficulty of etching the CCTO thin films
extraordinarily high dielectric constant80000 at room while maintaining the film quality, contacts were made to
temperature with minimal temperature dependence abovgvo of the top Au pads effectively, allowing the capacitance
100 K“~° No ferroelectric lattice distortion has been ob- to be measured in two capacitors connected in series by the
served by either high-resolution x-fagr neutron powder hottom electrodes. Dielectric constants and loss tangents
diffraction, posing interesting questions: Why does the ma-were measured by a Keithley 3330 LCZ meter from 200 Hz
terial have such a giant dielectric constant and why does thgy 100 kHz.
latter decrease dramatically below 100 K. It is therefore of  Thin films grown directly on STO substrates do not have
considerable interest both from a fundamental and an applihe correct phase or may have more than one orientation of
cation point of view to see whether one can make thin filmscCTO. This is understandable since the lattice mismatch be-
of this material and examine its properties. In this letter, weween STO and CCTO is large. CCTO has a cubic structure
show that high-quality CCTO thin films can be epitaxially with a lattice constana=7.36 A (a/2=3.68 A), while STO
grown on various substrates with or without conductinghas a cubic lattice constaat= 3.905 A. Thin films grown on
buffer layers. The low-frequency dielectric constant is lowerthe | AO substrate have only one orientation. This is shown
than that of the crystal, but stit 1500 over a wide tempera- iy Fig. 1(a) in a 6—26 x-ray diffraction scan. Only thé¢/00)
ture region, making it a competitive candidate for many appeaks from CCTO are present indicating that the out-of-
plications. plane alignment is good. The substrate temperature and the

The CCTO thin films were grown by pulsed-laser depo-oxygen pressure were found to be crucial for single-phase
sition (PLD) on LaAlO; (LAO) or STO substrates, as well as formation of CCTO. Indeed, thin films deposited at 780 °C or
YBa,Cuz0; (YBCO), LaygSh15CU0,. s (LSCO), and 20 mTorr were found to include thé310) orientation. In
LaNiO; (LNO) buffer electrode layers. These electrode lay-order to make dielectric measurements, various conducting
ers were also deposited on the substratesitu by PLD  pergyskite oxides were fabricated as the bottom electrodes.
before the deposition of the CCTO thin film. The CCTO ghown in Fig. 1b) is a 6—26 scan of a 6000 A CCTO thin
film on a 1500 A LSCO buffer layer on the STO substrate.
¥Electronic mail: pdj@bnl.gov Only the (0@) peaks from both CCTO and LSCO layers are
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FIG. 1. 626 scan of(a) a 6000 A CCTO thin film on LAO substrate and 200Hz CCTO/LNO/LAO
(b) a 6000 A CCTO thin film on a 1500 A LSCO electrode layer on STO | 500Hz
substrate. 2500 1kHz 600/150nm
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present in the spectrum with peaks from the STO substrate, 10kHz —_—
indicating both layers grow with the axis perpendicular to w 1500 k 20kHz
the substrate surface. It is worth pointing out that, with a *:’g'(‘)'::l
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LSCO buffer layer, the CCTO thin films can also be grown oS
epitaxially on a STO substrate. 1000 [ 250t 7
The in-plane epitaxy of the CCTO thin films were exam-
ined by ¢ scans. Figure 2 shows the results of such a scan

from the same bilayer thin film as in Fig(d). Sharp peaks
appear with 90° intervals for both the CCTO and LSCO lay-
ers, and the STO substrate, indicating &exis of the CCTO

and LSCO layers are well aligned with the substrate. Com-
bined with the 6—26 scan, it shows we have an excellent
epitaxy between the CCTO thin film, the LSCO buffer layer
and the STO substrate. Thus, we are in a position to study the
properties of CCTO in thin-film format.

Because LNO has a lattice constant closer to CCTO than
YBCO and a much better conductivity than LSCO, we made
our measurement on thin films of CCTO/LNO/LAO. The
temperature dependence of the dielectric constant and loss
tangent for such a film at various frequencies from 200 Hz to
100 kHz is shown in Figs. (@ and 3b), respectively. The
dielectric constant has a fairly high value at room tempera-
ture, but, unlike the crystal data, with a large frequency de-
pendence. It decreases rapidly with decreasing temperature.
The loss tangent shows the same trend with temperature. In

fact, both are very similar to the very first report by SUbra_FIG. 3. Temperature dependence(af the dielectric constant ani) the

. 4 .
manianet al.” at a high temperature. Below a temperature ofj,gg tangent tad of a 6000 A CCTO thin film grown on LNO electrode

250 K, the film behaves almost exactly the same as a crystahyer on LAO substrate from 200 Hz to 100 kHz.
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The dielectric constants at all frequencies have a constant T T T
value of the qrder of 1500 l_JntiI about 100—_150 K, \_Nhe_n they 145 o e single crystal
decrease rapidly to approximately 200. This value is different .

from that of the crystal, which is about 16@bviously, the = thin film

system undergoes a transition from a higktate at a high 12 7]
temperature to a love state at a low temperature, and the

frequency dependence only takes place around the transition g 10k i
temperature regime, which is about 100-150 K. The transi- p
tion takes place at higher temperatures at higher frequencies. <
Correspondingly, the peak observed in the temperature de- 'E 8l 4

pendence of the loss tangent, shifts toward a higher tempera-
ture. Finally, it is interesting to note that the results shown in
Fig. 3 are very similar to those from the bulk material il -
CdCuwTisO4,, which does not have the same giant dielectric
constant at room temperature as bulk CCTO.

1 1 1
The large dielectric constant of CCTO has been inter- 4 0.009 0.012 0.015
preted as an extrinsic mechanism, which was assumed to
come from the sample microstructure such as boundary or 1T (1/K)

interface effect§.In fact, one recent paper has claimed thatFIG 4 The log of the f _ ‘t wre in |

: ) . . . . 4. The log of the frequency versus inverse peak temperature in loss
CCTO is a one-step internal barrier layer cap_atﬁtW:th measurement. Both the data from thin film and crystal are presented. A
such a model, one would conclude that the thin films havehermally activated behavidr~exp(—U,/kT) is clearly observed.
less defects than the crystals because of their lower dielectric

constant. This is a possibility though it can often be the re'f~exp(—U0/kT) in both sets of datal, for the crystal is

verse. Thin films, with their much reduced size in one dimenyg9q k which is about the same as the value from fitting to
sion, may have less planar defects, such as grain boundarigs, Debye relaxation model for the dielectric consfably

and twin interfaces, than crystals, particularly if the latter¢,, yhe hin film is 880 K. The difference may well reflect the
have a large amount of intrinsic planar defects. Comparingy .t that the thin film is under strain due to the lattice mis-
the data from the crystals and the thin films, it seems that th o:h - of course, the microstructure, defects, and domain
constant value of the dielectric constant in a certain temperggigrarence would also play a role. Further study on the evo-

ture region and the decrease at a low temperature is a Cofyyiion of the activated relaxation with thin-film thickness will
sistent property of the material, presenting an interestingy ~onducted.

problem as to why the dramatic increase at even a higher

temperature only shows up in thin films or polycrystalline , p| b Thin films have similar properties to the previously
samples. The dielectric constant also has a significant de-studied crystals at low temperature. The dielectric constant is

pendence on the thickness of the CCTO thin films. To date,p e 1500 within a fairly large temperature region, making

thin films with a thickness less than 3000 A have a much; 5 very attractive material for many applications. Further
lower dielectric consta_r(t~700). Gro_vvth conditions, _such as investigations including the thickness dependence and
oxygen pressure, coolmg rate, or d!ffe_rent conducting pouonélectric-field dependence are underway.
electrode layer, are still to be optimized. These studies, as
well as the thickness dependence of the dielectric properties, Helpful discussions with Myron Strogin, Genda Gu,
will be published elsewhere. Chris Homes, and Tom Vogt are gratefully acknowledged.
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In conclusion, we have grown epitaxial CCTO thin films
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